The purpose of this exploratory analysis was to examine the effects of resistance training (RT) on leukocyte telomere length in breast cancer survivors. Samples from 33 breast cancer survivors were analysed following a 16-week RT or usual care intervention (RT: n = 19, control: n = 14). The RT group performed supervised exercise three times per week. Leukocyte telomere length was assessed before and after training using quantitative PCR. Changes in telomere length were analysed using ANCOVA, with the change score being the dependent variable, and the baseline value the covariate. Effect sizes (ES) were calculated via partial eta squared. We found a non-statistically significant change in telomere length, and a small associated ES in the RT group compared to the control group for change in telomere length (p = 0.78, ES = 0.003). Our exploratory study demonstrates that a 16-week RT intervention does not have a significant effect on telomere length in women recovering from breast cancer. Therefore, RT is a safe intervention that does not accelerate biological ageing.
Introduction
Breast cancer is the second most commonly diagnosed cancer in women, accounting for one in three cancer diagnoses [1] . Cancer accelerates biological ageing through cellular senescence and genomic instability and is typically associated with short telomeres [2, 3] . Telomere length is a marker of biological age [4] , with shorter telomere length being associated with older ages. Recent data indicates that telomeres may be lengthened rather than maintained through healthy lifestyle interventions [5] [6] [7] . As such, research examining telomere length may provide a foundation for the identification of health-related behaviours that may enhance rehabilitation in cancer survivors [8] .
While lifestyle interventions have been successful in altering telomere length, the long-term relationship between exercise and telomeres remains unclear. Frequent participation in exercise and a superior cardiorespiratory fitness is associated with longer telomeres [9] . In breast cancer survivors, a lack of self-reported physical activity (PA) is linked to shortened peripheral blood mononuclear cell telomeres [8, 10] . Further, those individuals reporting participation in moderate to vigorous PA display an approximate 4.5% great average telomere length, corresponding to a mean difference of 270 bp [8] .
The impacts of resistance training (RT) on telomere dynamics are less understood. A cross-sectional study [11] compared the skeletal muscle telomere length of seven power lifters with seven healthy active subjects with no history of strength training. These researchers found a non-significant tendency for longer telomeres in the strength-trained powerlifting group (p = 0.07). Conversely, others examined telomere length changes following a six-month resistance training intervention in elderly subjects residing in a nursing home and observed no differences between experimental or control groups [12] . Further, a 16-week study examining the effect of three times weekly RT in a group of women with polycystic ovarian syndrome found telomere shortening in both the experimental and control group [13] . Therefore, whether RT maintains or accelerates biological ageing through telomere length regulation remains unclear.
Exercise is now part of a multidisciplinary rehabilitation approach for cancer survivors. Resistance training has grown in popularity in recent years due to its ability to improve a variety of factors (e.g., inflammatory markers [14] , muscular strength, endurance, and range of motion [15, 16] ). Therefore, as part of a randomised controlled trial designed around immunological outcomes, this study aimed to examine the effect of resistance training on leukocyte telomere length in a cohort of breast cancer survivors. We hypothesised that a 16-week training intervention would not accelerate biological ageing in the form of telomere shortening.
Materials and Methods

Approach to the Problem
This investigation involved a controlled, prospective analysis of leukocyte telomere length after 16 weeks of RT in women recovering from breast cancer. This study was designed to explore the potential for RT to influence leukocyte telomere length (dependent variable) whilst controlling for known biological traits related to telomere biology (independent variables-age, weight, etc.).
Subjects
This parallel-arm randomised controlled clinical trial was designed around primary immunological outcomes [14] comparing breast cancer survivors assigned to a 16 week RT group (n = 19) with those assigned to a usual care control group (n = 14). Primary findings from this trial relating to immunological outcomes, muscular strength, quality of life, and fatigue have been previously reported [14, 17, 18] . Outcome measures were collected at week 0 and 17. This study was a post hoc analysis examining the effect of RT on telomere length in this cohort of women. The recruitment of participants, eligibility, exclusion criteria, and randomisation are described elsewhere [14, 17, 18] . To participate in the initial study, participants must have had a history of histologically confirmed stage I to IIIA breast cancer with no evidence of recurrent disease; age 18-70 years; completed surgery, radiotherapy, and/or chemotherapy; and sedentary (<30 min of structured, continuous moderate-intensity exercise, three times per week, and no current resistance training). Survivors were stratified based on age (<50 or >50 years) and current use of hormone therapy (Yes; No) and then randomised to a control or RT group. For this post hoc analysis, an additional inclusion criterion was that the participants must have completed the intervention as well as both baseline and follow-up testing sessions.
Procedures
Resistance Training Intervention and Measurement of Muscular Strength
As methods and findings relating to the testing and training of muscular strength have been previously published [14, 17, 18] we have not included the details here. These outcomes were used for correlational purposes only. However, as demonstrating the efficacy of the strength training program is important for the primary outcomes of this paper (telomere length), and to aid in understanding, we have briefly detailed the methods previously utilised here. Briefly, lower body muscular strength was assessed via a 1 repetition maximum (RM) leg press, while upper body muscular strength was assessed unilaterally via an isometric chest press. In summary, supervised RT was performed three times per week for 60 min per session. The exercise load was set at an 8 repetition maximum (RM), meaning that the participants lifted a weight that they could successfully lift eight times. Loads were increased when the participant gained the ability to lift 10 repetitions at the same weight prior to muscular failure. The first eight weeks of the exercise program consisted primarily of machine-based exercises (leg extension, leg curl or Romanian deadlift, lat pulldown, machine bench press, seated row, back extension, prone hold or sit ups). The final eight weeks of the program predominantly focused on free weights (barbell squat, deadlift, bench press, leg press, barbell bent over row, assisted chin up). Each exercise was performed for three sets.
Blood Markers and Telomere Length
Individuals involved in the analyses of blood markers and telomere length quantification were blinded to the group assignment. Venous blood was donated in an overnight fasted state, collected into heparin tubes and frozen at −20 • C prior to DNA extraction. DNA extraction, yield, and purity as well as telomere length were assessed as previously described [19, 20] . Briefly, frozen blood samples were thawed on ice and DNA was extracted from buffer coat leukocytes using the Purelink Genomic DNA Mini Kit following the manufacturer's guidelines (Thermo Fisher Scientific, Waltham, MA, USA). As DNA purity could influence telomere length assayed by qPCR [21] , purity was assessed on the NanoDrop 8000 Spectrophotometer (Thermo Fisher Scientific). All samples showed acceptable purity with 260/280 and 260/230 ratios of 1.72 ± 0.14 and 1.26 ± 0.34, respectively. Telomere length was quantified using qPCR by comparing the telomere (T) repeat sequence to a single (S) copy gene (36B4). Experimental and control samples were run in triplicate on the same 384-well plates for telomere and 36B4 primer sets. Experiments comprised of DNA template or water (for no-template controls), and either 300 nM of forward and reverse primer for the telomere sequence or 300 nM of the forward and 500 nM of the reverse primer for the 36B4 sequence, were run on a Bio-Rad Thermocycler (CFX96 Touch Real-Time PCR Detection System, Bio-Rad, Hercules, CA, USA). Primer sets and thermocycling conditions were identical to those previously described [19] . Telomere length was expressed in arbitrary units as a T/S ratio, relative to a healthy 30-year-old woman using the 2 −(∆−∆Ct) method.
Statistical Analysis
A power calculation was not performed for this post hoc analysis. Sample size estimates were initially based upon the primary immunological (natural killer cell activity, NKCA) outcomes from a previous study [14] . Primary analysis was via a per-protocol approach. Baseline characteristics were compared between groups using independent t-tests for continuous variables and chi-square tests for categorical variables. Data were presented as the mean and SD with effect sizes (ES). Primary analysis compared change in telomere length using an ANCOVA where the baseline value was the covariate. Paired samples t-tests were also performed to establish within-group changes in telomere length. Statistical significance was set at p < 0.05. Partial η 2 was used to measure ES where 0.01, 0.06, and 0.14 were considered small, medium, and large, respectively. Relationships between telomere length and variables that we have previously shown to demonstrate significant changes were analysed using Pearson correlation coefficients (r).
Results
Baseline Characteristics
There were no significant differences between groups at baseline for age or treatment regimens, including chemotherapy, radiotherapy, and hormone therapy (all p > 0.05) ( Table 1) . Data are from two-tailed independent samples t-tests or Chi 2 tests and are expressed as mean ± SD or frequencies.
Adherence and Adverse Events
Adherence and adverse event data has previously been reported for the entire cohort [14] . Briefly, no adverse events occurred during this study. Adherence to the exercise intervention for this subset of the cohort was 85.9% attendance at exercise sessions (range: 46.8-100%).
Telomere Length
There were no statistically significant differences in leukocyte telomere length at baseline between groups (mean T/S ratio ± SD: RT, 0.43 ± 0.11; control, 0.37 ± 0.10, p = 0.11). There was no significant difference in change in telomere length between groups (p = 0.78, ES = 0.003, Figure 1 ). While the RT group telomeres were relatively unchanged after the 16-week intervention (0.43 ± 0.11 to 0.44 ± 0.09, p = 0.82), the control group showed a modest increase in telomere length (0.37 ± 0.10 to 0.42 ± 0.13, p = 0.13). Thirteen (39.4%) and 20 (60.6%) participants experienced telomere shortening and lengthening, respectively. 
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Response to the Resistance Training Intervention
Within the RT group, there was no significant change in body mass index (BMI) (27.7 ± 4.3 to 27.8 ± 3.9 kg/m 2 , p = 0.48) or body weight (72.7 ± 9.3 to 73.0 ± 8.7 kg, p = 0.59) over the course of the intervention. There was also no significant change with in the control group in BMI (30.2 ± 6.2 to 30.5 Figure 1 . Leukocyte telomere length before and after 16 weeks of resistance training in breast cancer survivors. Mean telomere length (mean ± SD, (A)) and telomere length change (B) are presented in arbitrary units relative to the T/S ratio of an apparently healthy 30-year-old woman (RT: n = 19, control: n = 14). DNA purity was acceptable with 260/280 and 260/230 ratios of 1.72 ± 0.14 and 1.26 ± 0.34, respectively. Experiments were repeated and demonstrated excellent reliability for telomere (R 2 = 0.94) and 36B4 (R 2 = 0.97) primer sets. The intra-and inter-assay co-efficient of variation (CV) for experimental samples were acceptable (telomere CV ± SD: 1.45 ± 3.49% and 1.62 ± 3.28%; 36B4 CV ± SD: 0.53 ± 2.08% and 1.34 ± 2.16%, respectively). T, telomere; S, single copy gene (36B4).
Within the RT group, there was no significant change in body mass index (BMI) (27.7 ± 4.3 to 27.8 ± 3.9 kg/m 2 , p = 0.48) or body weight (72.7 ± 9.3 to 73.0 ± 8.7 kg, p = 0.59) over the course of the intervention. There was also no significant change with in the control group in BMI (30.2 ± 6.2 to 30.5 ± 6.6 kg/m 2 , p = 0.42) or body weight (80.1 ± 16.7 to 80.8 ± 18.3 kg, p = 0.38) over the course of the intervention. There was no significant difference in change in BMI (kg/m 2 ) or body weight (kg) between the two groups (p = 0.75, ES = 0.004; p = 0.87, ES = 0.001).
In the subset of participants included in this post hoc analysis, muscular strength (mean percent change ± SD) improved in the RT group in all measurements (Surgical arm, 28.97 ± 22.68%; other arm, 34.50 ± 27.27%; lower body (via leg press), 42.55 ± 19.85%). There was a significant within-group difference over time (p < 0.001) for all variables in the RT group. In comparison, the muscular strength of those assigned to the control group did not change (Surgical arm; −5.38 ± 17.86%, other arm; 1.03 ± 17.02%, lower body; −6.54 ± 20.09%). There were no within-group differences over time in the control group (p = 0.28, p = 0.82, and p = 0.28, respectively).
Relationships between Telomere Length and Muscular Strength
No significant correlations were found between changes in muscular strength and telomere length ( Table 2) . 
Discussion
We are the first to examine the longitudinal effect of RT on telomere length in breast cancer survivors. Our hypothesis was supported, and the null hypothesis was rejected as we observed no statistically significant difference in telomere length change between the RT and control groups. Additionally, strength was not associated with telomere length.
Whilst multiple studies have demonstrated that those individuals who are physically active possessed longer leukocyte telomeres compared to less active controls [9] , longitudinal intervention-based research is lacking. In one of the few longitudinal studies, a four-month RT intervention in women with polycystic ovary syndrome, a shortening of telomeres was demonstrated [13] . In our study, 56% and 44% of participants experienced telomere shortening and lengthening, respectively. Similarly, in a longitudinal study examining telomere length in breast cancer survivors it was found that 32% of participants exhibited a lengthening of telomeres, whereas 68% showed shortening [22] . We also observed variation in telomere length changes after the intervention, such that telomere attrition was observed in 39% of patients (61% showed telomere extension). These studies highlight the large inter-individual variation in telomere dynamics and in response to resistance exercise. Indeed, whilst the large inter-individual responses to telomere length in the RT and control groups could be responsible for the lack of statistically significant changes, an alternate interpretation is that RT does not impact telomere length over a relatively short period. However, it is possible that longer interventions may uncover the potential benefit of RT on telomere dynamics and biological ageing.
As telomere length is affected by multiple environmental factors including psychological stress, nutrition, body composition, sleep quality, and ageing [23] , it may be difficult to deduce the isolated effects of exercise without controlling for these variables. In our study, all but four participants were on some form of hormone-modulating medication, which may partially explain the lack of consistent telomere length change observed in both groups following our intervention. Although not statistically significant, there was a large difference in body weight between cases and controls at baseline. This is a limitation as there seems to be a link between obesity and telomere shortening, particularly in women [24, 25] . In addition, due to the nature of the study we were unable to control for all chronic diseases (e.g., hypertension), as such there is a possibility that underlying disease may have influenced our findings. We did, however, use an established method for quantifying average telomere length. An assessment of the frequency of short and long telomeres using quantitative fluorescent in situ hybridization or Southern Blot was not possible due to sample storage and processing restrictions. These methods should be considered in future analyses to quantify frequencies of minimum and maximum telomere length. Although telomere length was not significantly different between groups in our study, it is possible that the small sample size and duration of the exercise intervention may have influenced our findings. Therefore, future research utilising larger samples and longer interventions is warranted.
Conclusions
In conclusion, we did not observe a marked difference in telomere length amongst breast cancer survivors after 16 weeks of RT. Resistance exercise did not accelerate telomere attrition in breast cancer survivors and the inter-individual responses in telomere dynamics after RT should be explored in larger studies. Therefore, due to the myriad of health benefits resulting from RT in this population, this modality of exercise should still be recommended as part of a multifaceted rehabilitation program.
